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(54) Improvements in or relating to the cleaning of semiconductor devices 



(57) An embodiment of the instant invention is a 
method of removing inorganic contamination (contami- 
nation 104 of FIGURES 2a-2b) from a layer (layer 102) 
overlying a substrate (substrate 100), the method com- 
prising the steps of: removing the layer overlying the 
substrate with at least one removal agent; reacting the 
inorganic contamination with at least one conversion 



agent, thereby converting the inorganic contamination; 
removing the converted inorganic contamination by 
subjecting it to at least one solvent agent, the solvent 
agent included in a first supercritical fluid; and wherein 
the converted inorganic contamination is more highly 
soluble in the solvent agent than the inorganic contam- 
ination. 
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Description 

FIELD OF THE INVENTION 

The instant invention pertains to semiconductor de- 
vice fabrication and processing and more specifically to 
a method of removing inorganic contamination in a su- 
percritical fluid media. 

BACKGROUND OF THE INVENTION 

In the manufacture of, for example, integrated cir- 
cuits and liquid crystal displays, contamination of the 
substrate and subsequent semiconductor layers causes 
many problems and should be reduced as much as pos- 
sible. Examples of such contamination are residual par- 
ticulates, organics, and metals. In addition, contami- 
nants may be situated on the surface of the semicon- 
ductor layer, or they may be situated between the sem- 
iconductor layer and another layer (e.g. an oxide layer). 
Typically, wet-processing is utilized in the fabrication of 
semiconductor devices. A wet cleaning process may 
consist of a sequence of particle removal and metal re- 
moval steps, with a rinsing step performed between 
them, and concluding with a drying step. Drying is typi- 
cally accomplished either by spinning the wafer so that 
the liquid on the wafer will be spun off or by raising the 
wafers from a cloud of hot isopropyl alcohol vapor which 
condenses on the surface of the wafer and displaces 
the water. 

This type of wet cleaning process suffers from a par- 
ticularly serious drawback, specifically, most metal re- 
moval processes of this type (typically consisting of 
strongly acidic mixtures) add particles to the surface of 
the wafer, and particle removal processes (typically 
comprised of basic/oxidant mixtures) add metals to the 
surface of the wafer. In addition, most wet cleaning proc- 
esses suffer from the problems of: expense of obtaining 
electronic-grade wet chemicals; expense of disposing 
of the caustic chemicals which are used in wet cleaning 
processes; liquid surface tension limiting or preventing 
access of wet chemical cleaning to high aspect ratio fea- 
tures, like trenches; and lack of harmonization with all 
dry processing (which is utilized more frequently in sem- 
iconductor processing). Hence, a metal removal step 
followed by a particle removal step will result in residual 
metals, while the reverse process results in fewer par- 
ticles but can cause contamination with metals by the 
final rinsing. 

Supercritical fluids (e.g., supercritical carbon diox- 
ide) have received much attention, lately. This is espe- 
cially true in the areas involving decaffeination of coffee 
and linen/fine clothing dry cleaning. In addition, super- 
critical C0 2 can be used in the removal of organic con- 
taminates from semiconductor wafers. See Internation- 
al Journal of Environmentally Conscious Design & Man- 
ufacturing, Vol. 2, p. 83 (1 993) (stating "supercritical car- 
bon dioxide is best applied to the removal of organic 



compounds with mid-to-low volatilities"). However, su- 
percritical C0 2 is generally regarded as ineffective in 
cleaning inorganic contaminants (e.g., metals) from 
semiconductor wafers. 
s Relating to another field, a group of researchers 
have discovered a way of removing metals from vege- 
tation by subjecting the vegetation to supercritical C0 2 
and neutralizing the metals with chelating agents. See 
Elizabeth K. Wilson, Toxic Metals Extracted with Super- 
10 critical Carbon Dioxide, C&EN 27 (April 15, 1996); and 
U.S. Patent No. 5,356,538. However, this work states 
that "by itself, non-polar supercritical C0 2 is almost use- 
less for solvating positively charged heavy-metal ions. 
However, researchers have discovered that metals can 
is be solvated if they are first neutralized by chelating 
agents and, furthermore, that the solvency increases 
dramatically when the chelating agents are fluorinated. 
" Id. at 27. However, there are several problems with this 
approach. First, there is a difficulty removing uncharged 
20 metals. Second, unfluorinated chelating agents are ex- 
pensive. Third, mass scale synthesis of fluorinated 
chelating agents is expensive. Fourth, fluorinated and 
unfluorinated chelating agents are highly toxic and ex- 
pensive to purify and dispose of. Fifth, there is a limited 
25 range of metals that can be readily solvated by the fluor- 
inated chelating agents. Sixth, diffusion of unchelated 
metals into an underlying semiconductor substrate 
would be disastrous using the methodology of this pub- 
lication. 

^o it is, therefore, an object of the instant invention to 
provide a method of removing metal contaminants from 
between a native oxide layer and a semiconductor wa- 
fers. It is another object of the instant invention to pro- 
vide a method of removing inorganic contaminants from 
35 between a native oxide layer and semiconductor wafers. 

SUMMARY OF THE INVENTION 

In summary, one embodiment of the instant inven- 
40 tion is a method which overcomes the problems in- 
volved with chemical modification of the ionic and neu- 
tral, light and heavy inorganic (metal) species and which 
renders these ionic and neutral, light and heavy inorgan- 
ic (metal) species soluble upon exposure to convention- 
's al, inexpensive, high purity, non-toxic solvents. The 
method of the instant invention includes the steps of: 
removing the native oxide in which overlies the inorganic 
contamination (and/or that is situated between the inor- 
ganic contamination and the substrate and/or that sur- 
50 rounds the inorganic contamination), thereby exposing 
the inorganic contamination (that is contained within the 
native oxide or that underlies the native oxide); chemi- 
cally altering the inorganic contamination; exposing the 
chemically-altered inorganic contaminant to a conven- 
es tional solvent which is included in a supercritical fluid 
(preferably supercritical C0 2 ); and removing the con- 
ventionally-solvated, chemically-altered inorganic con- 
taminant in a supercritical fluid (SCF) . The chemical al- 
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tering of the inorganic contaminant may occur prior to 
or during the exposure to the SCR Key aspects of this 
invention are: inorganic contamination within a native 
oxide is exposed for subsequent modification and re- 
moval; the inorganic contaminant is not soluble in the 5 
supercritical C0 2 fluid without prior chemical alteration; 
and the chemically-altered inorganic contaminant may 
be removed by the solvent simultaneously with the 
chemical alteration step. 

An embodiment of the instant invention is a method 10 
of removing inorganic contamination from a layer over- 
lying a substrate, the method comprising the steps of: 
removing the layer overlying the substrate with at least 
one removal agent; reacting the inorganic contamina- 
tion with at least one conversion agent, thereby convert- is 
ing the inorganic contamination; removing the convert- 
ed inorganic contamination by subjecting it to at least 
one solvent agent, the solvent agent included in a first 
supercritical fluid; and wherein the converted inorganic 
contamination is more highly soluble in the solvent 20 
agent than the inorganic contamination. Preferably, the 
conversion agent is selected from the group consisting 
of: an acid agent, a basic agent, a chelating agent, a 
ligand agent, a halogen-containing agent, and any com- 
bination thereof. More preferably the conversion agent 25 
is comprised of HF and is included in supercritical C0 2 . 
Preferably, the solvent agent is selected from the group 
consisting of: a polar gas, a non-polar gas, a polar su- 
percritical fluid, a non-polar supercritical fluid, a polar 
species, a non-polar species, a surfactant, a detergent, 30 
an amphoteric material, or a chelating agent, and the 
solvent agent is included in supercritical C0 2 . The over- 
lying layer may be comprised of a native oxide. The 
steps of removing the layer overlying the substrate with 
a removal agent and reacting the inorganic contamina- 35 
tion with a conversion agent may be performed simul- 
taneously. Alternatively, the steps of removing the layer 
overlying the substrate with a removal agent, reacting 
the inorganic contamination with a conversion agent, 
and removing the converted inorganic contamination 40 
are performed simultaneously; or the step of removing 
the layer overlying the substrate with a removal agent 
is performed followed by the steps of reacting the inor- 
ganic contamination with a conversion agent and re- 
moving the converted inorganic contamination, which *s 
are performed simultaneously Preferably, the removal 
agent is comprised of HF, and it is included in a second 
supercritical fluid. The second supercritical fluid is, pref- 
erably, comprised of supercritical C0 2 . 

Another embodiment of the instant invention is a so 
method of removing inorganic contamination from a lay- 
er overlying a substrate, the method comprising the 
steps of: removing the layer overlying the substrate with 
at least one removal agent, the removal agent included 
in a first supercritical fluid; reacting the inorganic con- 55 
tamination with at least one conversion agent thereby 
converting the inorganic contamination, the conversion 
agent included in a second supercritical fluid; removing 
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the converted inorganic contamination by subjecting it 
to at least one solvent agent, the solvent agent included 
in a third supercritical fluid; and wherein the converted 
inorganic contamination is more highly soluble in the 
solvent agent than the inorganic contamination. The 
steps of removing the layer overlying the substrate with 
a removal agent and reacting the inorganic contamina- 
tion with a conversion agent may be performed simul- 
taneously. However, the steps of removing the layer 
overlying the substrate with a removal agent, reacting 
the inorganic contamination with a conversion agent, 
and removing the converted inorganic contamination 
may all be performed simultaneously. Alternatively, the 
step of removing the layer overlying the substrate with 
a removal agent is performed followed by the steps of 
reacting the inorganic contamination with a conversion 
agent and removing the converted inorganic contami- 
nation, which are performed simultaneously. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will now be further described, 
by way of example, with reference to the accompanying 
drawings in which: 

FIGURE 1 is a schematic drawing of a sample 
cleaning system in accordance with an embodiment 
of the instant invention; and 
FIGURES 2a-2d are cross sectional views illustrat- 
ing an embodiment of the instant invention. 

DETAILED DESCRIPTION OF THE INSTANT 
INVENTION 

FIGURE 1 illustrates a process system which can 
be utilized to implement the method of the instant inven- 
tion. The sample to be cleaned (the semiconductor wa- 
fer with inorganic contamination present) is held in con- 
tainer 16. A supercritical fluid (preferably a C0 2 gas) is 
supplied from a gas reservoir 28 which is connected by 
conduit 30, which includes valve 32, to a pressurization 
unit 34 that increases the pressure on the gas to greater 
than approximately 70 to 75 atmospheres at a temper- 
ature greater than approximately 32 C to form a super- 
critical fluid. The supercritical fluid (SCF) travels through 
valve 36 and conduit 38 to a reservoir 11 (as long as 
valves 1 and 3, 5 and 9 are open and valve 2 is closed) 
that holds a solid, liquid, or gas removal agent(s). Pos- 
sible removal agents are listed below. The passing of 
the SCF through the removal agent acts to incorporate 
the removal agent into the SCF. The SCF incorporated 
with the removal agent leaves reservoir 11 and enters 
container 16. The SCF mixture and inorganic contami- 
nation are introduced, resulting in the removal of the top 
layer containing the inorganic contamination, thereby 
exposing the inorganic contamination (and possibly si- 
multaneously modifying the inorganic contamination). 

Subsequent to or simultaneous with removal of the 
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top layer containing the inorganic contamination by the 
removal agent (thereby exposing the inorganic contam- 
ination) and subsequent to or simultaneously with re- 
moving the modified inorganic contamination, the SCF 
travels through valve 36 and conduit 38 to reservoir 12 
which holds a solid, liquid, or gaseous modification 
agent(s). Possible modification agents are listed below. 
This is accomplished by closing valves 1 , 3, and 5 and 
opening valves 2, 4, 6 and 9. The passing of the SCF 
through the modification agent acts to incorporate the 
modification agent into the SCR The SCF incorporated 
with the modification agent leaves reservoir 14 and en- 
ters chamber 16. The SCF mixture and the exposed in- 
organic contamination are introduced, thereby resulting 
in the modification of the inorganic contamination, which 
is situated on the surface of the sample (preferably a 
semiconductor wafer). 

Subsequent to or simultaneous with the removal of 
the top layer (thereby exposing the inorganic contami- 
nation) and subsequent to or simultaneously with the 
modification of the inorganic contamination on the sem- 
iconductor sample by the modification agent, the SCF 
travels through valve 36 and conduit 38 to reservoir 14 
which holds a solid, liquid, or gaseous solvent agent(s). 
Possible solvent agents are listed below This is accom- 
plished by closing valves 1, 3, 4, 6, and 9 and opening 
valves 2, 5, and 8. The passing of the SCF through the 
solvent agent acts to incorporate the solvent agent into 
the SCF. The SCF incorporated with the solvent agent 
leaves reservoir 14 and enters chamber 16. The SCF 
mixture and the exposed and modified inorganic con- 
tamination are introduced, thereby resulting in the re- 
moval of the exposed and modified inorganic contami- 
nation from the surface of the sample (preferably a sem- 
iconductor wafer). 

The modified inorganic contaminant and the C0 2 
are removed and passed through depressurization 
valve 18 such that the inorganic contaminant precipi- 
tates in container 20. The C0 2 gas is then recycled by 
pump 24 through line 26 to reservoir 28. The inorganic 
contaminants can be removed via line 22. 

One embodiment of the instant invention is a meth- 
od of removing inorganic (preferably metallic) contami- 
nation from within a native oxide layer or from between 
a underlying semiconductor layer and a layer of native 
oxide. Preferably, this method is comprised of the fol- 
lowing steps. First, removing the native oxide (which is 
of the order of 30 Angstroms thick) by subjecting it to a 
removal agent. Second, reacting the inorganic contam- 
ination with a conversion agent so as to convert the in- 
organic contamination (preferably in a more soluble 
form). The removal agent and the conversion agent may 
be comprised of the same elements. Third, removing the 
converted inorganic contamination with a solvent agent. 
The removal agent, the modification agent, and the sol- 
vent agent may be comprised of the same element(s) 
and may be administered simultaneously or sequential- 
ly. 



The removal agent may be comprised of hydrofluo- 
ric acid. In addition, it may be introduced either by vapor 
exposure, plasma exposure, or by exposing the semi- 
conductor wafer to a supercritical fluid (preferably C0 2 ) 

s which contains HF. The conversion agent may be com- 
prised of HF or it may include any other halogen-con- 
taining agent (preferably chlorine). The conversion 
agent may be introduced by vapor exposure to the wa- 
fer, plasma exposure to the wafer, or by exposing the 

10 wafer to a supercritical fluid (preferably C0 2 ) which in- 
cludes the conversion agent. Preferably, the conversion 
agent is comprised of an acid (preferably HCN, KCN, 
HF, HCI, or HI or Kl), a base (preferably NH 4 OH, KOH, 
or NF 3 ), a chelating agent (preferably dibetaketone), or 

15 a halogen-bearing agent (preferably HF, F 2 , Cl 2 , Br 2 , or 
l 2 ) or a polar agent (preferably CO, NH 3 , NO, COS, 
NH 4 OH, water, or H 2 0 2 ). Preferably, the solvent agent 
may be comprised of a polar gas (preferably CO, COS, 
NO, NH 3 , or NF 3 ), non-polar gases (preferably N 2 , H 2 , 

20 o 2 , or F 2 ), polar SCF (preferably N0 2 ), non-polar SCF 
(preferably C0 2 ), a polar species (preferably water, eth- 
anol, methanol, acetone, or glycol), a non-polar species 
(preferably tetrahydrof uan, or dimethylformamide), sur- 
factants, detergents, or amphoteric materials (prefera- 

25 bly sodium dodecyl sulfate, quaternary ammonium 
salts, or cationic, anionic, non ionic or zwitterionic sur- 
factants), or a chelating agent (preferably beta-dike- 
tone, fluorinated or unfluorinated crown ether), which is 
preferably included in a supercritical fluid (preferably 

30 CO a ). 

Referring to FIGURES 2a-2d, the method of this 
embodiment is capable of removing inorganic contami- 
nation 104 that is situated on top of a native oxide 102, 
within the native oxide 1 02, or between native oxide 1 02 

35 and underlying layer 100. This method can be utilized 
to remove the native oxide layer 102 (see FIGURES 2a 
and 2b), convert the inorganic contamination so that it 
is more soluble in a subsequent removal step (see FIG- 
URES 2b and 2c where inorganic contamination 104 is 

40 modified to a more soluble inorganic contamination 
106), and removing the converted inorganic contamina- 
tion (see FIGURE 2d). The conversion agent may be 
comprised of any agent that would make the inorganic 
contamination more soluble (or more easily removed) in 

45 a subsequent removal step. Therefore, the conversion 
agent may include a chelating agent. In addition, the re- 
moval of the native oxide and the conversion of the in- 
organic contamination may occur in one step. 

The removal agent may or may not be included in 

50 a SCF, and the conversion agent may or may not be 
included in a SCF. In addition, the removal agent, the 
conversion agent, and the solvent agent may all be in- 
troduced at one time; or the removal agent and the con- 
version agent may be introduced together followed by 

55 the solvent agent; or the removal agent may be intro- 
duced followed by the combination of the conversion 
agent and the solvent agent. 

For example, assume that inorganic contamination 
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104 is comprised of sodium, and that this contamination 
is interdispersed throughout native oxide 1 02 (as depict- 
ed in FIGURE 2a). In order to remove native oxide 102, 
Hydroflouric acid (HF) is introduced to device 108. The 
HF can either be incorporated in a SCF or not. The result 
of this step is shown in FIGURE 2b. Next, device 108 is 
exposed to HF (this may be done simultaneously with 
the previously mentioned step). This step results in the 
conversion/alteration of the sodium contamination. The 
result is NaF (referred to as contamination 106 in FIG- 
URE 2c). Next, device 108 is subjected to a solvent (wa- 
ter incorporated in supercritical C0 2 ) so as to remove 
the more soluble contamination 1 06. The result is shown 
in FIGURE 2d, whereby both the native oxide and the 
contamination are removed. 

Although specific embodiments of the present in- 
vention are herein described, they are not to be con- 
strued as limiting the scope of the invention. Many em- 
bodiments of the present invention will become appar- 
ent to those skilled in the art in light of methodology of 
the specification. 



Claims 

1 . A method of removing inorganic contamination from 
a layer overlying a substrate, said method compris- 
ing the steps of: 

removing said layer overlying said substrate 
with at least one removal agent; 
reacting said inorganic contamination with at 
least one conversion agent, thereby converting 
said inorganic contamination; 
removing said converted inorganic contamina- 
tion by subjecting it to at least one solvent 
agent, said solvent agent included in a first su- 
percritical fluid; 

and wherein said converted inorganic contam- 
ination is more highly soluble in said solvent 
agent than said inorganic contamination. 

2. The method of Claim 1 , further comprising selecting 
said conversion agent from the group comprising: 
an acid agent, a basic agent, a chelating agent, a 
ligand agent, a halogen-containing agent, and com- 
binations thereof. 

3. The method of Claim 1 or Claim 2, wherein said re- 
acting step comprises reacting said inorganic con- 
tamination with a conversion agent comprised of 
HF. 

4. The method of any preceding claim, wherein said 
reacting step comprises reacting said inorganic 
contamination with a conversion agent comprised 
in supercritical C0 2 . 



5. The method of any preceding claim, further com- 
prising selecting said solvent agent from the group 
comprising: a polar gas, a non-polar gas, a polar 
supercritical fluid, a non-polar supercritical fluid, a 

5 polar species, a non-polar species, a surfactants, a 
detergent, a amphoteric material, or a chelating 
agent. 

6. The method of any of Claims 1 to 4, wherein said 
10 removing step comprises removing said inorganic 

contamination with a solvent agent comprised in su- 
percritical co 2 . 

7. The method of any preceding claim, further com- 
*5 prising performing said steps of removing said layer 

overlying said substrate with a removal agent and 
reacting said inorganic contamination with a con- 
version agent simultaneously. 

20 8. The method of any of Claims 1 to 6, further com- 
prising performing said steps of removing said layer 
overlying said substrate with a removal agent, re- 
acting said inorganic contamination with a conver- 
sion agent, and removing said converted inorganic 
25 contamination simultaneously. 

9. The method of any of Claims 1 to 6, further com- 
prising performing said step of removing said layer 
overlying said substrate with a removal agent fol- 
lowed by performing the steps of reacting said inor- 
ganic contamination with a conversion agent and 
removing said converted inorganic contamination 
simultaneously. 

35 10. The method of any preceding claim, wherein said 
step of removing said layer overlaying said sub- 
strate is performed with removal agent comprised 
of HR 

^0 11. The method of Claim 10, further comprising includ- 
ing said removal agent in a second supercritical flu- 
id. 

12. The method of C laim 1 1 , wherein said including step 
45 comprises including said removal agent in second 

supercritical fluid comprised of supercritical C0 2 . 

1 3. A method of removing inorganic contamination from 
a layer overlying a substrate, said method compris- 

50 ing the steps of: 

removing said layer overlying said substrate 
with at least one removal agent, said removal 
agent included in a first supercritical fluid; 
55 reacting said inorganic contamination with at 

least one conversion agent thereby converting 
said inorganic contamination, said conversion 
agent being included in a second supercritical 
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fluid; 

removing said converted inorganic contamina- 
tion by subjecting it to at least one solvent 
agent, said solvent agent included in a third su- 
percritical fluid; 5 
and wherein said converted inorganic contam- 
ination is more highly soluble in said solvent 
agent than said inorganic contamination. 

14. The method of Claim 13, further comprising per- 10 
forming said steps of removing said layer overlying 
said substrate with a removal agent and reacting 
said inorganic contamination with a conversion 
agent simultaneously 

15 

15. The method of Claim 13, further comprising per- 
forming said steps of removing said layer overlying 
said substrate with a removal agent, reacting said 
inorganic contamination with a conversion agent, 
and removing said converted inorganic contamina- 20 
tion simultaneously. 

16. The method of Claim 13, further comprising per- 
forming said step of removing said layer overlying 
said substrate with a removal agent and followed 2$ 
by performing the steps of reacting said inorganic 
contamination with a conversion agent and remov- 
ing said converted inorganic contamination simul- 
taneously. 
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